Small diffusible redox proteins facilitate electron transfer in respiration and photosynthesis by alternately binding to integral membrane proteins. Specific and transient complexes need to be formed between the redox partners to ensure fast turnover. In respiration, the mobile electron carrier cytochrome c shuttles electrons from the cytochrome bc 1 complex to cytochrome c oxidase. Despite extensive studies of this fundamental step of energy metabolism, the structures of the respective electron transfer complexes were not known. Here we present the crystal structure of the complex between cytochrome c and the cytochrome bc 1 complex from Saccharomyces cerevisiae. The complex was crystallized with the help of an antibody fragment, and its structure was determined at 2.97-Å resolution. Cytochrome c is bound to subunit cytochrome c 1 of the enzyme. The tight and specific interactions critical for electron transfer are mediated mainly by nonpolar forces. The close spatial arrangement of the c-type hemes unexpectedly suggests a direct and rapid heme-to-heme electron transfer at a calculated rate of up to 8.3 ؋ 10 6 s ؊1 . Remarkably, cytochrome c binds to only one recognition site of the homodimeric multisubunit complex. Interestingly, the occupancy of quinone in the Qi site is higher in the monomer with bound cytochrome c, suggesting a coordinated binding and reduction of both electron-accepting substrates. Obviously, cytochrome c reduction by the cytochrome bc 1 complex can be regulated in response to respiratory conditions.
Small diffusible redox proteins facilitate electron transfer in respiration and photosynthesis by alternately binding to integral membrane proteins. Specific and transient complexes need to be formed between the redox partners to ensure fast turnover. In respiration, the mobile electron carrier cytochrome c shuttles electrons from the cytochrome bc 1 complex to cytochrome c oxidase. Despite extensive studies of this fundamental step of energy metabolism, the structures of the respective electron transfer complexes were not known. Here we present the crystal structure of the complex between cytochrome c and the cytochrome bc 1 complex from Saccharomyces cerevisiae. The complex was crystallized with the help of an antibody fragment, and its structure was determined at 2.97-Å resolution. Cytochrome c is bound to subunit cytochrome c 1 of the enzyme. The tight and specific interactions critical for electron transfer are mediated mainly by nonpolar forces. The close spatial arrangement of the c-type hemes unexpectedly suggests a direct and rapid heme-to-heme electron transfer at a calculated rate of up to 8.3 ؋ 10 6 s ؊1 . Remarkably, cytochrome c binds to only one recognition site of the homodimeric multisubunit complex. Interestingly, the occupancy of quinone in the Qi site is higher in the monomer with bound cytochrome c, suggesting a coordinated binding and reduction of both electron-accepting substrates. Obviously, cytochrome c reduction by the cytochrome bc 1 complex can be regulated in response to respiratory conditions. E lectron transfer processes are of great importance in many metabolic pathways of living organisms. They are essential for photosynthesis and respiration, in which energy gained from capturing light or by oxidation of nutrients is converted to the energy of the anhydride bond of ATP. Energy conversion is achieved by coupling the transfer of electrons to the translocation of protons across a lipid membrane. The generated electrochemical proton gradient is used for ATP synthesis.
The mitochondrial respiratory chain consists of four large multisubunit membrane protein complexes embedded in the inner mitochondrial membrane that are linked by the freely diffusible electron carriers ubiquinone (Q) and cytochrome c (CYC). The latter is a small water-soluble protein with a covalently attached heme c group that is located in the intermembrane space. CYC molecules shuttle electrons between ubiquinol͞cytochrome c oxidoreductase (QCR, cytochrome bc 1 complex) and cytochrome c oxidase (1) . QCR (EC 1.20.2.2) is a multisubunit integral membrane protein complex. The catalytic core of the enzyme comprises cytochrome b with two noncovalently attached heme b groups, the so-called Rieske iron-sulfur protein (RIP1), with an [2Fe Ϫ 2S] iron-sulfur cluster and cytochrome c 1 (CYT1), with a covalently attached heme c group. Mitochondrial QCRs contain up to eight additional subunits. The enzyme catalyses the electron transfer from ubiquinol (QH 2 ) to CYC:
Ubiquinol oxidation at the Q o site involves a bifurcated electron transfer. One electron is transferred via the [2Fe Ϫ 2S] cluster to heme c 1 , the electron donor for CYC reduction. The second electron is used by the enzyme to reduce Q bound at the Q i site. The protons of QH 2 are released to the outside, whereas Q is protonated from the mitochondrial matrix. After a second round of electron transfer, the fully reduced Q leaves the binding pocket. This mechanism, known as the Q cycle, couples the electron transfer to translocation of protons across the inner mitochondrial membrane, thereby contributing to the generation of the proton gradient (2, 3) .
The proper encounter complex between CYC and QCR is critical for ubiquinol oxidation and full turnover of QCR. Stabilizing interactions of the complex must ensure fast complex formation, optimal orientation, and distance of the reaction partners for electron transfer as well as fast dissociation of the complex after electron transfer. CYC reduction by QCR is slowed down by an increase in ionic strength, indicating that the binding has an electrostatic component (4, 5) . A ring of conserved lysine residues surrounding the heme cleft of CYC and negatively charged residues of the subunit CYT1 of QCR were identified by mutagenesis and chemical modifications to be involved in CYC binding (6) (7) (8) . In addition, the acidic subunit of the bovine QCR, the so-called hinge protein, which is homologous to yeast subunit 6 of QCR (QCR6), was found to be essential for the formation of the CYT1͞CYC complex (9) involving patches of acidic residues (10) . In contrast, the first structure of a complex involving CYC bound to one of its redox partners, namely the soluble cytochrome c peroxidase (CCP), indicated that nonpolar forces are important for the stabilization of the CCP͞CYC complex (11) . Despite extensive studies that focused on the importance of electrostatic interactions, the nature of the electron transfer complex between CYC and QCR and the electron transfer pathway were not known until now. Electron transferring protein complexes form transiently, and their structures are difficult to obtain (11, 12) . Structures of QCR (13) (14) (15) (16) and CYC (17) have been separately determined, but the structure of their complex, critical for electron transfer, has remained undescribed. We here present the first structure, to our knowledge, of such a complex from the respiratory chain.
Methods
Crystallization. QCR from the yeast Saccharomyces cerevisiae was prepared and complexed with an antibody Fv fragment, as described (16) . Iso-1 CYC from S. cerevisiae was purchased from Sigma. Dimerization of yeast CYC via a single cysteine close to the C terminus is known to take place in solution. This reaction was prevented by treating the protein with methylthiomethaneAbbreviations: CYC, cytochrome c; CCP, cytochrome c peroxidase; CYT1, cytochrome c1; QCR, cytochrome bc1 complex; QCR6, subunit 6 of QCR; RIP1, Rieske iron-sulfur protein.
Data deposition: The atomic coordinates have been deposited in the Protein Data Bank, www.rcsb.org (PDB ID code 1KYO).
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sulfonate, as described (18 (21), treating the two monomers as separate entities. The R factor and free R factor decreased to 30.8 and 31.2%, respectively. The electrondensity maps after rigid-body refinement allowed the placement of a CYC molecule close to CYT1 of monomer B. On the basis of the 2F obs Ϫ F calc electron-density map, a model of the yeast iso-1-CYC (PDB ID code 1YCC) was positioned manually by using the program O (22) . The entire complex was subjected to rigid-body refinement by adding CYC as third entity. The R factor and free R factor were lowered to 27.8 and 28.0%, respectively. Residues Gly-23, Gly-24, and Pro-25 of CYC had to be repositioned according to the electron-density map by using the program O. Minor repositioning of residues within the CYC structure was carried out. The distance between the heme iron atom of CYC and its ligating sulfur atom of Met-80 was taken from the x-ray structure of the oxidized yeast CYC (23) and included in the refinement parameters. The model was refined by applying positional and B factor refinement by using the program package CNS (21) to a final R factor and free R factor of 22.8 and 26.7%, respectively. Noncrystallographic symmetry constraints were not applied during the entire procedure of structure solution and refinement, to allow separate analysis of the two CYC-binding sites of the homodimeric QCR. Data collection and refinement statistics are summarized in Table 1 . The QCR͞Fv fragment model includes 4,356-aa residues with no major differences to the recent 2.3-Å resolution structure (16) . CYC consists of 108 residues. The main and side chain atoms of its three N-terminal amino acid residues are disordered, as found previously in the high-resolution structure determination (17) .
Results and Discussion
Overall Structure of the QCR͞CYC͞Fv Fragment Complex. Crystallization of the yeast QCR͞CYC complex was achieved at approximately physiological ionic strength and with an antibody Fv fragment bound to subunit RIP1. The Fv fragments are essential for crystal packing, as is the case for the QCR͞Fv fragment crystals, which were used for the 2.3-Å resolution structure of yeast QCR (16) . The attached fragments provide spacious packing of the QCR molecules, thus allowing unhindered binding of CYC. The structure was solved by molecular replacement. The dimeric complex is present in the asymmetric unit. 2F obs Ϫ F calc electron-density maps after rigid-body refinement and energy minimization of the QCR͞Fv fragment input model clearly revealed the presence of one CYC molecule bound to one QCR monomer (monomer B). Distinct electron density for most of the polypeptide main chain of the CYC molecule was visible. A clear-cut density for heme c and the adjacent ␣-helix (residues 61-69) was apparent. The highest-density peak was present at the position of the iron atom. Furthermore, side chains could be specifically identified in helical regions. These features clearly indicate the tight binding of CYC to QCR and allow the unambiguous placement of the CYC molecule in the structure ( Fig. 1 A and B) . Refinement of the structure resulted in R cryst ϭ 22.8% and R free ϭ 26.7%. Some additional electron density was present after final refinement at the presumed CYC-binding site of monomer A. It was very weak and restricted mainly to the direct vicinity of the potential position of the heme iron. This result suggests binding with very low occupancy or disordered binding of CYC at the second binding site. It is unlikely that the binding of a second CYC molecule is prevented by crystal packing. Superimposition of monomer B and its bound substrate molecule with monomer A reveals no steric hindrance for a CYC molecule bound in equivalent orientation to the recognition site of monomer A.
CYC is bound to subunit CYT1 of monomer B of the dimeric QCR and is located close to the neighboring complex in the crystal lattice. There is no evidence that the orientation of the substrate molecule is influenced by crystal contacts. Opposed residues of CYC and subunit QCR2 of the neighboring QCR dimer are 5-7 Å apart. Furthermore, the side chains of the three N-terminal amino acid residues of CYC, which are located in the vicinity, are disordered, as is the case in the high-resolution structure of CYC (10); they are therefore unlikely to contribute to specific interactions. Therefore, we conclude that the binding between enzyme complex and substrate molecule is specific.
Binding Interactions Between the Redox Partners QCR and CYC. The architecture of the complex results in close proximity between the heme c 1 and heme c groups; their pyrrole C rings are pointing toward each other (Fig. 1) . Remarkably, the CBC atoms of the two respective vinyl groups are only 4.5 Å apart. The distance between the two iron centers is 17.4 Å, the closest reported distance between the redox centers of CYC and its redox partners. The interplanar angle of the heme groups is 55°. Interestingly, this angle is close to the value of approximately 60°f ound for the CCP͞CYC complex structure (11) . This geometry might be generally favorable for electron transfer complexes between c-type cytochromes and their heme group containing redox partners.
Binding of CYC to QCR is stabilized by interactions of atoms surrounding the heme crevices, thus forming a tightly interacting and complementary contact area of trapezoid shape ( Fig. 2A) . All interactions of atoms between the redox partners with a distance below 4 Å are listed in Table 2 . Mainly nonpolar interactions contribute to the binding (Fig. 2B) . Most pronouncedly, Arg-13 of CYC and Phe-230 of CYT1 form a stable planar stacking interaction. Stacking pairs located at molecular surfaces of proteins are known to be involved in formation of enzyme substrate complexes (24) . In the yeast CCP͞yeast CYC complex, there is only a single van der Waals contact between Arg-13 of CYC and Tyr-39 of CCP. A positively charged amino acid residue is conserved at position 13 of CYC (17) . In mammalian CYC, Lys-13 has been shown to be important for binding to QCR (6) . The structure indicates that for the binding in A) showing the experimental electron-density map before inclusion of CYC to the model. The 2F obs Ϫ F calc electron-density map (blue) is contoured at 1, and the corresponding part of the refined model (ball-andstick presentation) is superimposed. The orientations of the CYC polypeptide (yellow) and its cofactor heme c (green) are unambiguously defined by distinct electron density. Protein residues of CYT1 and heme c 1 are colored in red and magenta, respectively. The figure was generated by using the programs MOLSCRIPT (36) and BOBSCRIPT (37) . of yeast CYC, nonpolar interactions of Arg-13 with aromatic residues of the redox partner seem to be more important than the conserved positive charge.
Additional van der Waals interactions are present between Phe-230 CZ and Thr-12 O, Met-233 CE and Arg-13 NH2, Ala-168 O and Val-28 CG1, and Ala-103 CB and Ala-81 CB of CYT1 and CYC, respectively (Table 1) . Ala-103 is in the third position of the heme-binding motif CXXCH of CYT1. This residue is as close as 3.4 Å to Ala-81 of CYC. The preceding residue Met-80 is one of the axial heme ligands in CYC. This interaction could be involved in electron transfer between the redox partners, as will be discussed below.
Chemical labeling, crosslinking, and mutagenesis studies have identified two regions of acidic residues in CYT1, which are important for CYC binding (7, 8) , by interaction with a ring of lysine residues around the heme cleft of CYC (6) . In the present structure, only weak polar interactions in the recognition site are possible between Glu-235 OE2 and Lys-86 NZ (3.3 Å) as well as between Ala-164 O and Lys-79 NZ (3.8 Å) of CYT1 and CYC, respectively (Table 1; Fig. 2C ). The charge of Glu-235 is conserved in mitochondrial CYT1 (see Fig. 5 , which is published as supporting information on the PNAS web site, www.pnas.org). Lys-86 is completely conserved in CYC, and chemical labeling studies have indicated that this residue is very important for binding of CYC (6) . However, the orientation of the lysine side chains cannot be unequivocally defined. Additional pairs of charged and often conserved residues are found surrounding the described recognition site. They are not close enough for polar interactions (e.g., 4.8 Å between Lys-87 of CYC and Asp-232 of CYT1). It cannot be excluded that water molecules, which are not resolved at the given resolution, mediate stabilizing forces. Because the orientation of the respective side chains at the protein surface is often disordered, a stabilizing effect seems unlikely. The conserved charged residues, which surround the actual recognition site, may be involved in electrostatic interactions that modulate intermediate states of binding and unbinding of CYC to QCR, similar to the proposed model of plastocyanin binding to cytochrome f (25) .
Subunit QCR6, a small acidic protein known as hinge protein, is thought to be involved in CYC binding via its N-terminal peptide, which contains 79% negatively charged residues (8) . The N terminus seems to be mobile; the first 48-aa residues are disordered, as previously reported for the structure of yeast QCR (16) . The first ordered residues are in close vicinity to Lys-86 and Lys-87 of CYC. However, no direct interactions are visible between QCR6 and CYC in the structure. CYC of yeast, in comparison to CYC from other eukaryotic species, has a relatively high dipole moment of 554 debye (26) . Interestingly, the positive dipole portion of CYC bound to QCR points toward that part of the N-terminal acidic patch of QCR6 that is ordered and therefore resolved in the structure, which might indicate that the subunit QCR6 directs the orientation of CYC to be optimal for binding and electron transfer.
Formation of transient protein complexes is required for the CYC-mediated electron shuttling between QCR and cytochrome c oxidase. For rapid electron transfer, weak protein complexes with short lifetimes are expected. An extensive study of a variety of protein-protein recognition sites has shown that low-stability complexes exhibit interfacial areas Ͻ1,600 Å 2 (27) . The recognition site in the QCR͞CYC complex was determined (28) to be 880 Å 2 . This site is smaller than the 1,150 Å 2 for the CCP͞CYC complex interface and is the smallest recognition site reported so far (27) . The small interface of the QCR͞CYC complex is well suited for a fast turnover. In addition, no significant conformational changes are present, compared with the structures of the noncomplexed molecules, as is expected for low-stability complexes (27) .
In conclusion, there is a tight and specific interaction between CYC and QCR, which is mediated by a small compact contact site dominated by nonpolar forces. We propose that the structure resembles the physiological electron transfer complex. The reduction of CYC could occur via a single productive complex rather than multiple productive conformations. Fig. 3 . Direct heme-to-heme electron transfer from CYT1 (Lower) of QCR to CYC (Upper). The short edge-to-edge distance (indicated as dashed line) between solvent exposed atoms of the pyrrole C rings of the cofactors allows rapid CYC reduction at a calculated rate of up to 8.3 ϫ 10 6 s Ϫ1 . The polypeptides are represented as ribbon model with helices, ␤-strands, and loops colored in cyan, green, and yellow, respectively, and the heme groups are shown in ball-and-stick representation. The heme carbons are colored in gray, all other atoms according to standard coloring. The figure was generated by using the programs MOLSCRIPT (36) and BOBSCRIPT (37). Electron Transfer. Binding of CYC to QCR results in a very short distance of the two heme groups, which are facing each other with their solvent exposed edges (Fig 3) . The architecture of the QCR͞CYC complex leaves both heme groups solvent exposed. This orientation allows a direct electron transfer from heme c 1 to heme c involving a through-space jump. To calculate the electron transfer rate, the electron-tunneling model for redox proteins of Dutton and colleagues (29) was used. The edge-toedge distance of the heme groups (C3C͞C3C) is determined to be 9.4 Å, and the packing density is 0.65. The free-energy optimized electron-transfer rate based on the structure was calculated to be 1.2 ϫ 10 9 s
Ϫ1
. Applying a midpoint potential of 270 mV for both CYT1 (30) and CYC (31), the driving force ⌬G for electron transfer is zero. With a ⌬G ϭ 0 eV and a reasonable estimate of the reorganization energy of between 0.7 eV and 1 eV, an electron transfer rate of between 8.3 ϫ 10 6 s Ϫ1 and 9.7 ϫ 10 5 s Ϫ1 is calculated. This result compares to a measured transfer rate of 6 ϫ 10 4 s Ϫ1 for bovine QCR and horse heart CYC determined by using an artificially introduced electron donor, which affects CYC binding (32) . This discrepancy suggests a significantly higher transfer rate in the natural environment than has been measured with the artificial donor.
An alternative treatment for assessing the rate of electron transfer relies on tracking structural pathways through the intervening protein (33) . A short relay of covalent bonds connects the pyrrole C of heme c 1 via Cys-104 to Ala-103. The latter residue is in unusually close van der Waals contact to Ala-81 of CYC. Ala-81 is the neighboring residue to Met-80, which is the axial ligand to the heme c iron. A pathway of 16 covalent bonds and one van der Waals contact can be drawn to connect the two redox centers. On the basis of experimentally determined protein-mediated electron transfer rates in CYC (33) , this pathway would presumably result in a significantly slower electron transfer rate compared with the above-described heme-to-heme transfer. In addition, the connecting alanines are not conserved, further indicating that the protein-mediated pathway is not of general importance.
On the basis of the orientation and close proximity of the heme groups in the protein environment and the calculated electron transfer rate resulting therefrom, we conclude that reduction of CYC by CYT1 takes place via direct heme-to-heme electron transfer.
Binding Stoichiometry. Remarkably, CYC binds specifically only to one (monomer B) of the two possible recognition sites of the dimeric QCR, although CYC is present in the crystallization setup in slight molar excess. The observed binding stoichiometry is termed half-of-the-sites binding. The CYC-binding sites of monomer A and B are identical in conformation and do not show major displacements (larger than 1 Å) of main chain atoms as analyzed by superimposition of the two molecules. A group of negatively charged residues on the surface of CYT1 and QCR6 showed different side chain orientations in the two monomers, but these residues are outside the CYC contact area. As outlined above, the crystal packing does not prevent CYC binding to monomer A. In addition, there is no evidence that binding of CYC to monomer A is prevented by a higher degree of global disorder in monomer A. The averaged B factors for each subunit of monomer A and B are very similar. The average B factor of CYT1 in monomer A (45%) is 7% higher than in monomer B. The lower flexibility of CYT1 in monomer B might promote CYC binding; on the other hand, the bound CYC molecule might stabilize its binding partner and therefore could be the reason for the lower B factor. It has to be expected that subtle differences, which are not resolved at the given resolution of the structure, cause different binding properties of the two recognition sites for CYC.
The homodimeric QCR consists of two operational units. Each of them can, in principle, perform catalysis according to the Q cycle. It is not known whether these units function in a parallel, sequential, or independent mode. The specific binding of one CYC molecule to one monomer of QCR indicates that QCR might be able to reduce CYC with the second functional unit not being active, thereby supporting a sequential or independent mode. We propose that reversible ''silencing'' of one functional unit might be a tool to regulate QCR activity in response to the respiratory condition. The possibility of a so-called half-of-thesites mechanism was previously suggested on the basis of a mutagenesis study, in which QCR6 deletion led to decrease in QCR activity by 50% (34) .
Coordination of the Reduction Sites of CYC and Quinone. The CYC half-of-the-sites binding coincides with differences in the two ubiquinone reduction sites (Q i sites) of QCR (Fig. 4) . The presence and orientation of a bound coenzyme Q 6 (UQ6) molecule in the Q i site of monomer B are clearly indicated by continuous electron density (2F obs Ϫ F calc ) after refinement of the structure for the head group and the adjacent seven carbon atoms of the isoprenoid chain. The positions of the carbonyl groups are well defined. In contrast, in the Q i site of monomer A, there is only residual electron density for the benzoquinone moiety present, indicating a low occupancy and͞or higher mobility of the molecule. Furthermore, the bent propionate A of heme b H is slightly displaced in monomer A. This substituent is stabilizing the quinone ring plane by nonpolar interaction (16) . Two UQ6 molecules were introduced in the respective sites in an orientation taken from the yeast QCR structure (16) . Refine- Fig. 4 . Differences in the occupancy of the quinone reduction sites (Qi sites) of the homodimeric QCR. The Qi site of (A) monomer A and (B) monomer B, the latter has CYC bound, is shown with part of the quinone-ligating sphere including Ser-206, Met-221, and propionate A (propA) of heme b H. The electron-density map after final refinement is shown in blue (2F obs Ϫ Fcalc; contoured at 1) and in green (Fobs Ϫ Fcalc; contoured at 3). Protein and cofactors are shown as stick drawings with atoms displayed in standard colors. The figure was prepared by using the program O (22) . ment of this model confirmed the orientation of the side chains and propionate groups in the binding pocket. The B factor of the side chain of the UQ6 carbonyl ligand Asp-229 is 25% lower in monomer B compared with monomer A, whereas B factors of further residues in the binding pocket are very similar. This difference indicates a weaker interaction with UQ6 in monomer A, thereby supporting the importance of residue Asp-229 in stabilization of quinone binding and its presumable role as proton donor for quinone reduction (16) .
It is intriguing to speculate that the state of the Q i site affects CYC binding. We propose a coordinated binding model in which both electron acceptors for quinol oxidation are present in their respective sites at the same time. Coordinated binding implies long-range interactions within the QCR molecule. A kinetic study of yeast QCR, in which specific binding of the inhibitor antimycin to the Q i site impedes CYT1 reduction by 10-fold (35) , provides a hint that communication between high-and lowpotential redox components exists. Q i site occupancy and CYC binding might depend on the redox state of the respective redox centers. QCR preparations used for crystallization have been shown to be partially reduced (unpublished data). Coordination between the two binding sites could be communicated by redox-induced subtle conformational changes, alterations in the protonation state of side chains in the protein interior, or long-range electrostatic interactions. To test our assumption, further experiments are required to analyze whether the redox state of the different QCR cofactors affects CYC binding and how coordination of the two reduction sites, as well as between the two monomers, is achieved. Both coordinated and half-ofthe-sites binding suggest that CYC reduction by QCR can be regulated in response to the respiratory condition.
